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Introduction 48
Body size strongly determines several life-history traits of vertebrate herbivores, most notably 49
(1) their tolerance of low-quality forage and (2) predators specialized on small herbivores may prevent the dominance of small herbivores over 97 larger herbivores, and thus promote coexistence of small and large herbivores. In turn, higher 98 numbers of large herbivores would support more large predators. 99
How do these traits and related complex interactions between different-sized herbivores 100 and predators affect the long-term dynamics of plant communities? According to the described 101 processes above, large herbivores in productive grasslands are expected to change the plant 102 community from tall to short vegetation, and so facilitate smaller herbivore species. When the 103 small herbivores reach high enough numbers, they may reduce the densities of larger herbivores 104 by outcompeting them at these short lawns (Bell 1971; Coppock et al. 1983a; b) . Due to the high 105 density of small herbivores, their predators will also increase over time, causing a decrease of 106 small herbivore densities. This would ultimately reduce the pressure on the vegetation from 107 herbivory (Oksanen et al. 1981 ) and lead to a shift from short, high-quality vegetation to tall, 108 low-quality vegetation, each with its own particular species composition (dominance of rosette 109 forming and stoloniferous grazing-tolerant species vs. dominance of erect and tussock-forming 110 species ) (Díaz et al. 2007 ). Hence, the results of these complex herbivore and predator 111 interactions are cyclical succession waves within the plant community, i.e. periods with short, 112 high-quality vegetation alternating with periods with tall, low-quality vegetation (Fig.1) 113
In this study we tested our ideas about the long-term effects of interactions between 114 different-sized herbivores and predators. We hypothesized that predation on herbivores, in 115 combination with facilitation and competition between herbivores, stimulates coexistence of 116 different-sized herbivores and generate cyclical succession within the plant community. To test 117 the logic behind these hypotheses we made a model of Ordinary Differential Equations and 118 simulated a productive grassland system in temperate Europe with an assemblage of different-119 sized herbivores (arranged from small to large: barnacle goose (Branta leucopsis), red deer 120 
Model description 135
The model describes an ecosystem that consists of three communities: a plant community, a 136 herbivore community and a predator community. Incorporated in the model is that plant traits in 137 the plant community change with plant height: at low plant height, stoloniferous grazing-tolerant 138 grass species dominate that can generate a stable lawn of high quality and productivity. follows a functional response type III (sigmoid curve) with plant density (Fig. 2) and can have 175 stable equilibria at low and high plant density (May 1997 ). Because of the functional response 176 type III of herbivory, the behavior of the plant community at high herbivore density fits with the 177 widely observed phenomenon that at high herbivore density stable and productive lawns are 178 generated and maintained (McNaughton 1984) . 
199 where the first factor describes the biomass of herbivore species j that is preyed on by predator 200 species i, with maximum predation rate γ ij . Maximum predation rate is influenced by handling 201 time (capture, killing, eating and digesting the prey). The second factor is the proportion of the 202 population of predator species i that preys on herbivore species j. This proportion is determined 203 by handling time (and thus influenced by γ ij ). Furthermore this proportion is affected by relative 204 density of herbivore species j. Consequently, there is not a fixed proportion in the predator 205 population that has a preference for species i and only hunts on species i, as it is frequently 206 modelled (Chesson 1984). In our model, predators are opportunists: while hunting, predators are 207 not searching for a particular prey, but when they encounter a prey species it is the handling time 208 that determines whether they would chase the prey species. Thus a predator that preys on all 209 herbivore species (m = 3) with predation rates of γ i = 1/4, 1/2, 1/4 d -1 (from the smallest to the 210 largest herbivore, respectively) half of the population will prey on the medium sized herbivore, a 211 quarter of the population on the smallest and another quarter of on the population on the largest 212 herbivore, assuming that herbivore densities are equal. If herbivore densities are not equal, e.g. 213 there is only half the amount of the medium-sized herbivores compared to the smallest and 214 largest herbivores, it will spend a third of its time preying on each herbivore species. To keep the 215 model comprehensible we chose predation rates to be parameters and not as function of 216 herbivore body size, as the model only contains three distinct herbivore species and two predator 217 species with predefined body sizes. 218 219
Numerical analyses 220
We chose the barnacle goose (Branta leucopsis) (3.5 kg, specific metabolic biomass: 2.6 kg) as 221 the smallest model herbivore species. Barnacle geese rely strongly on large ungulates to enhance 222 the plant quality in productive ecosystems (Olff et al. 1997 The settings for α j (the plant height at which the rate of herbivory is half of the 234 maximum) are chosen as such that geese have the highest rate of herbivory at low plant density, 235 followed by red deer and bison. The ratio between cropping rates between herbivores is 236 controlled by x as follows: 1/x•α 1 = α 2 = x•α 3 , for geese, red deer and bison respectively. In all our 237 simulations α 2 = 0.01 m. Furthermore values for β j (conversion reduction with plant height) are 238 chosen such that bison is most efficient in digesting tall plants while goose is least efficient, 239
where the ratio between herbivores is given by β 1 = 2•β 2 = 4•β 3 , for goose, red deer and bison, 240 respectively. Net gain (as a function of cropping, digestion and mortality), therefore, gives 241 optima at low plant density for goose, at medium plant density for red deer, and at high plant 242 density for bison, as long β 1 >0 (Fig. 2) . 243
Fox preys only on geese and therefore has γ 11 = 1/2 d -1 , while γ 12 (predation rate of fox on 244 red deer) and γ 13 (predation rate of fox on bison) equal zero. Wolves prey on all three herbivore 245 species, but prefer red deer. Wolves prey on red deer with predation rate γ 22 = 1/3 d -1 . Wolves 246 also prey on geese and bison but with a lower predation rate: γ 21 (predation rate of wolves on 247 geese) and γ 23 (predation rate of wolves on bison) is half the predation rate at which wolves prey 248 on red deer; γ 21 = γ 23 = 1/2•γ 22. We thus assume size-nested predation: the small herbivore is 249 preyed on by small and large predators, but the small predator is more efficient in doing so than 250 the large predator. Furthermore, the small predator is more efficient in catching small-sized prey 251 than the large predator (Hopcraft et al. 2010). Changing size-nested predation to size-partitioned 252 predation (large predator only preys on medium sized prey) or increasing the nestedness of 253 predation (large predator preys equally on all prey sizes) had little effect on the dynamics as long 254 as the small predator was more efficient in preying on small prey than the large predator was in 255 preying on any prey (see supplementary Fig. 1 to 3) . For other parameter settings see Table 1 . with only fox and with fox and wolf combined. We gradually decreased the value of β 1 (from 4 273 to 0). This decrease in β 1 reduces the importance of facilitation by large herbivores for small 274 herbivores as a decrease in β 1 simulates an increase in the quality of tall plants and thus increases 275 the net gain at high plant density for all herbivores. Next, we investigated the importance of the 276 ability of small herbivores to outcompete larger herbivores for cyclical succession. We gradually 277 increased the value of x (from 5 to 1). This increase in x increases the ability of small herbivores 278 to outcompete large herbivores. Lastly, we investigated how the interaction between β 1 and x on 279 herbivore dynamics. 280 281
Results 282
As shown in Fig. 3 , a functionally diverse predator community (both small and large) is 283 important to maintain herbivore diversity. Furthermore, the small predator is crucial to generate 284 cyclical succession with distinct periods of tall and short vegetation types. In the absence of both 285 predators (Fig. 3A) the bison density increases at first, because the simulation starts with high 286 plant density at which bison has the highest net gain. As a result of this increase in bison density, 287 plant density decreases and plant quality increases which facilitates for the smaller herbivores. 288
This leads to an increase in the density of red deer and geese, which, in turn reduces plant density 289 even more. At a certain point plant density is so low that only geese can subsist (see also Fig. 2 ) 290 while all the other herbivores are pushed out of the system. Thus, without any top-down 291 regulation by predators in our model, goose is the only herbivore species that persists, plant 292 density is very low and cyclical succession does not occur. In the presence of wolves only (Fig.  293   3A) , the final result is the same as without predators. This is because wolves do not sufficiently 294 control the density of geese and allow geese to dominate. Although wolves prey on geese, they 295 need larger prey to sustain themselves in our model; but because larger prey are outcompeted by 296 geese, wolves disappear from the system. When fox is the only predator, coexistence of geese 297 and red deer follows and cyclical succession is generated (Fig. 3A) . This is because fox prevents 298 the dominance of geese that therefore cannot outcompete red deer, while red deer is still able to 299 outcompete bison. Predator-prey interactions between geese and fox lead to fluctuations in the 300 densities of fox and geese, whilst also affecting the density of red deer (Fig. 3A) . These cycles in 301 herbivore density lead to cycles in plant density, generating distinct periods of tall and short 302 vegetation, each with its own plant community. Furthermore, a functional diverse predator 303 community (both fox and wolves) results in the coexistence of the different-sized herbivore 304 species (Fig. 3A) . We transformed the densities (in metabolic biomass) for this last simulation 305 (with both fox and wolf) to real-world densities in individuals km -2 (Fig. 3B) , because the large 306 difference in real-world densities (for geese 0 -1000 individuals km -2 , compared to 0 -120 307 individuals km -2 for bison), all other simulations are given as densities in metabolic biomass. 308
When the importance of facilitation decreases, cyclical succession does no longer occur 309 when fox is the only predator, but remains when both fox and wolf are present (Fig. 4) . Even 310 when the importance of facilitation is very low (β 1 = 1 or 0) a more diverse predator community 311 still generates strong fluctuations in plant density (suppl. Fig. 5 ), even though herbivore density 312 hardly fluctuates (Fig. 4) . Interestingly, when the importance of facilitation increases (β 1 = 4) and 313 facilitation by bison becomes more important for smaller herbivores, fox alone can support all 314 three herbivore species. In this case wolves add little to the dynamics of the system, and the 315 density of wolves is kept low because the intervals between high densities of red deer are 316 relatively long (Fig. 4) . 317
With increasing similarity in α j (half saturation constant for cropping) and thus reducing 318 the ability of smaller herbivores to outcompete larger herbivores, cyclical succession ceases to 319 occur when only fox is present (Fig. 5) . When both fox and wolves are present (Fig. 5) cyclical 320 succession only ceases to occur when similarity is relatively high (x = 2 or 1) (suppl. Fig. 6 ). 321
The interaction between β 1 and x shows clearly that with a functional diverse predator 322 community consisting of both fox and wolf, cyclical dominance of different-sized herbivores 323 occurs under a more relaxed set of conditions than with a predator community consisting of fox 324 only (Fig. 6) . 325 326
Discussion 327
In this study we investigated how the combinations of the body-size related tolerance of low 328 forage quality and predation vulnerability affect the temporal dynamics in the herbivore and 329 plant community. Our results suggest that (1) predation of small herbivores by small predators, 330 in combination with facilitation and competition between small and large herbivores, stimulate 331 coexistence of different-sized herbivores and generate cyclical succession in the vegetation. Our 332 simulations also indicate that (2) a functional diverse predator community consisting of both 333 small and large predators may increase herbivore diversity even more, as well as the likelihood 334 that cyclical succession occurs. 335
We found that predators, especially small predators, can stimulate coexistence of 336 different-sized herbivores. The general rule seems to be that the smallest herbivore in the 337 absence of a predator can potentially out-compete all larger herbivores. Without top-down 338 control by predation, all herbivores are expected to increase in density, which will result in short 339 vegetation. Consequently, the smallest herbivore has the highest net gain due to its small bite 340 size and can out-compete all larger herbivores. These findings are in line with other studies 341
showing that small herbivores may push larger herbivores out of the system (Bell 1971; between herbivores) importantly stimulate herbivore coexistence, either by suppressing the 362 herbivore with the strongest competitive advantage or by generating cyclical dominance. We 363 remark that besides predation, there are additional plausible processes that make small 364 herbivores more vulnerable than large herbivores. Due to their high metabolic rate and low 365 energy storage capacity (Peters 1983) , small herbivores may react stronger to disturbances, 366 seasonality or harsh winter conditions, and thus affect herbivore coexistence in communities. 367
The numerical analyses of our model suggest that small predators are crucial to generate 368 cyclical succession, but can only do so when facilitation between different-sized herbivore 369 species is relatively important. When facilitation is unimportant, i.e. when the tallest plants are of 370 relatively high quality, cyclical succession only occurs when both small and large predators are 371 present. Under these conditions (high quality plants, low importance of facilitation) small 372 herbivores have a high net gain, even if vegetation is tall (Fig. 4) . In this case small herbivores 373 can recover relatively quickly in tall vegetation without having to rely much on larger herbivores 374 to increase plant quality. A quick recovery of small herbivores keeps periods of low densities 375 brief. As a result, the small predator population does not have to endure long periods of food 376
shortage and can maintain a relatively high density. This affects the whole system, as small 377 herbivores no longer can out-compete larger herbivores, which dampens cyclical succession of 378 2008). Our findings suggest that in low-productivity ecosystems both small and large predators 386 may be necessary to generate cyclical succession in the vegetation, while in high-productivity 387 ecosystems small predators alone may be sufficient for cyclical succession to occur. 388
Our results show that predation by small predators alone does not generate cyclical 389 succession if the small herbivore does not have a strong competitive advantage over the larger 390 herbivores. Without a strong competitive advantage it takes a relatively long time for small 391 herbivores to reduce the densities of large herbivores. As a result, the small predator population 392 recovers before the small herbivore population has reached its peak, which dampens cyclical 393 succession. When both the small and large predators are present, small herbivores can reduce the 394 density of large herbivore much faster because it is not only reduced by competition with small 395 herbivores, but also by predation. Small herbivores can maintain their high density, despite the 396 additional predation pressure by the large predator, due to the high net gain of small herbivores 397 on short vegetation. 398
Summarized, the presence of large predators has two main effects. Firstly, the presence of 399 large predators makes large herbivores more likely to dominate at tall vegetation, even when 400 they are not important facilitators for small herbivores. Secondly, the presence of both small and 401 allocation for large herbivores. Nonetheless, the important role of predation, facilitation and 412 competition would not alter, as large herbivore density would no longer drop due to mortality 413 alone, but also due to emigration when small herbivore density is high. Secondly, our model 414 assumes an equal cropping rate and mortality rate for all herbivore species. In real life, cropping 415 and mortality rate for herbivores are proportionally higher for small herbivores compared to 416 large herbivores (Kramer et al. 2003). As we were solely interested in how tolerance of low 417 quality forage and vulnerability to predation affect the dynamics of the system, we did not 418 consider other body size related traits and their potential effects on the dynamics of plant, 419 herbivore and predator communities. Nonetheless, we argue that including other traits would 420
probably not alter the overall dynamics of the system. It could increase the rate at which a cycle 421 is completed, as the small herbivores can outcompete large herbivores more quickly. However, 422 this effect could be countered by the fact that facilitation by large herbivores takes more time, 423 thus it takes more time before they can be outcompeted. Thirdly, in our model prey preference is 424 not only determined by handing time (Chesson 1984) , but also by relative density. Due to this 425 assumption, it is easier for rare species to maintain a relative high density and thus have a faster 426 comeback as soon as conditions improve. Furthermore, without this assumption, a fixed 427 proportion of the predator population in our model would always prey on a particular prey 428 species, even if it is extinct, which we believe is unrealistic. 429
In this study we investigated predator-herbivore-vegetation dynamics using a particular 430 set of herbivore and predator types, representing potential or already existing natural 431 assemblages in European ecosystems. We chose to work with these specific assemblages to give 432 added value of our study to the field of conservation and restoration ecology. This is currently 433 particularly relevant for the multiple ongoing rewilding programmes throughout Europe, where 434 particular animal species (e.g. European bison, wolves) are reintroduced to enhance natural 435 processes in, often abandoned agricultural, ecosystems (Navarro and Pereira 2012). However, 436 while we have used particular set of herbivore and predator types in this study, our model can 437 easily be applied to other ecosystems with different assemblages of herbivores and predators as 438 species can be added, subtracted or replaced by other species, e.g. African savannah (Van de 439
Koppel and Prins 1998). At the same time, our model may be used in a more general way to 440 investigate non-species or system specific effects of the interaction of body-size related tolerance 441 of low forage quality and predation vulnerability on temporal dynamics in the community. 442
There is empirical evidence that herbivores can induce cycles in ecosystems, however in 443 most of these studies it is the interaction between herbivores and abiotic forces that generates herbivores by reducing plant quantity and increasing quality; (II) the resulting increase in density 644 of small herbivores -possibly in combination with predation by large predators -pushes larger 645 herbivores out of the system; (III) in time, the high density of small herbivores is reduced by 646 small predators; (IV) Consequently, vegetation becomes tall again and (V) the population of the 647 largest herbivore is restored, after which (I) may start again. 648 = 5. The smallest herbivore (goose) has its optimal net gain at relative low plant density. With 651 increasing body size the optimum net gain shifts to higher plant density. Consequently, the 652 largest herbivore (bison) has its optimal net gain at relative high plant density. 653 conditions. The effect of competition (change in x) overrules that of facilitation (change in β 1 ). 684
